to improve the outcome of cell therapy. Although several in vitro and in vivo investigations have suggested the potential roles of MSCs in bone repair and regeneration, the mechanism of MSC therapy in bone repair has not been fully elucidated, the efficacy of MSC therapy has not been strongly proven in clinical trials, and several controversies exist, making it difficult to draw conclusions from the results. In this review, we update the recent advances in the mechanisms of MSC action and the delivery approaches in bone regenerative medicine. We will also review the most recent clinical trials to find out how MSCs may be beneficial for treating bone defects.
signaling pathways which are responsible for regeneration of the new bone with the help of surrounding tissues Oryan et al., 2014b; Moshiri et al., 2015b] . Bone healing is not always completely satisfactory, and many reasons might be responsible for its failure. These include those injuries that cause large bone defects to occur and develop, such as necrosis, tumors (e.g., osteosarcoma), high-energy traumas, and compound-, multiple-, gunshot-, open-, comminuted-, and osteoporosis-related fractures [Frohlich et al., 2008; Amini et al., 2012; Oryan et al., 2015] . This failed healing process can eventually lead to the formation of malunions, delayed unions, nonunions, and osteomyelitis. Today, the correction of bone regeneration impairment has been achieved by advances in healing process management. Using the latest equipment and surgical techniques, better protocols and more effective rehabilitation procedures have contributed to a better prognosis for bone healing [Houlden et al., 2007; Moshiri et al., 2015b] . Despite these advancements, malunions, delayed unions, or nonunions occur and persist in clinical cases where the osteogenesis and subsequent bone remodeling are impaired, particularly in those involving large bone defects [Oryan et al., 2014b] .
In order to improve and accelerate the healing process, several options are currently available in clinical practice [Amini et al., 2012] . First of all, after the diseased bony tissue has been removed and the remaining bones fixed, the resulting defect should be reconstructed and filled with various grafts and materials [Amini et al., 2012; Oryan et al., 2014b; Moshiri et al., 2015b ]. An ideal bone graft substitute should have certain properties, including osteoconduction, osteoinduction, osteoincorporation, osteointegration, and osteogenesis [Oryan et al., 2014a] . Despite several efforts that have been made to invent and characterize various bone graft substitutes and engineered tissue scaffolds, none could be globally accepted as an ideal alternative option to autografts due to the low ability of the bone substitutes to enhance osteoinduction and osteogenesis [Zomorodian and Eslaminejad, 2012; Mallick and Cox, 2013; Bigham-Sadegh and Oryan, 2015] .
Stem cell therapy, as one of the methods used in the bone repair process, has been developed over the last 2 decades [Giuliani et al., 2013] . The involvement of mesenchymal stem cells (MSCs) in the bone healing process is critical, in particular for difficult nonunion fractures resulting from trauma, blood insufficiency, and other conditions [Grayson et al., 2015; Melek, 2015] . The reparative process of bone regeneration is initiated by MSCs with the formation of soft and hard calluses. Bone remodeling can eventually start after the gap has been filled by this process. Modern strategies of tissue engineering and regenerative medicine (TERM) utilize tissue scaffolds, healing promotive factors (e.g., growth factors such as BMP-2), and MSCs to improve bone repair and regeneration. Most in vitro and many in vivo studies have suggested that the MSCs have the potential to increase osteoinduction and osteogenesis [Li et al., 2007; Otsuru et al., 2007; Hayashi et al., 2008; Pitchford et al., 2009; de Girolamo et al., 2013] . However, little proof is available from the standard clinical trials. In addition, some controversies are apparent between the results and conclusions of the studies, making them difficult to interpret. In order to achieve successful results, an understanding of several mechanisms related to MSCs, such as homing, differentiation, apoptosis, and inflammation, together with various current and future options for which MSCs may be used, is necessary to determine the outcome of cell therapy [Qin et al., 2014b] .
In this review we summarize recent advances in understanding of the mechanisms of MSCs in bone repair. Moreover, we update the most important delivery approaches of MSCs in bone TERM. We also review the reported effects of MSC therapy on bone healing in various clinical trials according to the site of damage. The side bone marrow stromal cells critical-sized bone defects dental pulp stem cells effective cell dose extracellular matrix gene-activated matrix hypoxia-inducible factor 1-α intra-arterial intravenous mesenchymal stem cells osteogenesis imperfecta platelet-rich fibrin platelet-rich plasma stromal-derived factor 1 stromal vascular fraction tricalcium phosphate tissue engineering and regenerative medicine toll-like receptors tumor necrosis factor-α vascular endothelial growth factor initial observations through the study of the proliferative abilities and phenotypic characteristics of CFU-Fs [Caplan and Bruder, 2001; Eslaminejad and Taghiyar, 2010; Eslaminejad et al., 2011; Lotfy et al., 2014; Baker et al., 2015] . MSCs have been widely used in stem cell transplantation, tissue engineering, gene therapy, and immunotherapy [Reiser et al., 2005; Marion and Mao, 2006; Zhao et al., 2016] . These cells express CD105, CD73, and CD90, and are not able to express CD45, CD34, CD14, or CD11b, CD79α or CD19 antigens. In addition, they are able to differentiate into at least 3 cell lineages in vitro, including chondroblasts, osteoblasts, and adipocytes [Eslaminejad et al., 2007; Wyse et al., 2014] . MSCs can migrate to defect sites and facilitate bone regeneration, but the fundamental mechanisms in this process remain unclear. In regenerative medicine, among all types of stem cells, MSCs are the most commonly used stem cells because of their beneficial properties [Murphy et al., 2013] . The advantages and disadvantages of different types of MSCs are listed in Table 1 . MSC populations and maintenance of their homeostasis are established in MSC niches [Ehninger and Trumpp, 2011] . Niches are specific anatomic locations that regulate tissue generation, main- [Glenn and Whartenby, 2014] . The niche has a dual role by which it saves MSCs from depletion and also protects the host from overexuberant MSC proliferation. In fact, it controls the balanced response of MSCs to the necessary requirements of the body [Glenn and Whartenby, 2014] . It may also preclude aberrant function on MSCs or other targets that cause malfunctions. MSC niches are located adjacent to vessel walls, on the endosteal surfaces of trabecular bone, umbilical cord blood (vein, arteries, Wharton jelly, and lining membrane) [Lee et al., 2004] , dental tissues (dental pulp, exfoliated deciduous teeth, periodontal ligament, apical papilla, dental follicle, and periapical cyst-MSCs Marrelli et al., 2015b] , adipose tissue [Zuk et al., 2002] , and synovium (synovial membrane and fluid) [Jones et al., 2004] . The sources of MSCs are shown in Figure 1 .
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MSCs and Immunomodulatory Effects
Blood clotting and inflammatory reactions are 2 immediate responses when bone fractures occur. In fact, inflammation can initiate the cascades and pathways for bone regeneration by producing chemotactic factors [Jacobs et al., 2013] . In the second phase of inflammation (chronic phase), chronic inflammatory cells, particularly the macrophages and lymphocytes, enter the injured site. The role of macrophages and T helper lymphocytes should be highlighted. Macrophages have many important roles during bone healing. They not only phagocytize the necrotic tissues, micro-organisms, and hematoma, but also release several beneficial cytokines and growth factors that facilitate the transition from the inflammatory stage to the reparative phase of bone healing. There are at least 2 important inflammatory behaviors in response to exogenous cell/graft/scaffold/matrix implantation. In the type I response, the lymphocyte T helper type I cells trigger macrophage type I cells, which causes an inflammatory reaction to occur. This type results in graft/ cell rejection. In contrast, in the type II response, the type II T helper lymphocytes trigger macrophage type II activity, which is a remodeling reaction that causes graft/cell acceptance in the body [Schmidt-Bleek et al., 2014; Moshiri et al., 2015a, b] . Recent investigations have shown that allogeneic MSCs promote the polarization of monocytes into an anti-inflammatory M2 phenotype. This M2 differentiation induced by allogeneic MSCs may occur through the NF-κB and STAT-3 pathways [Abumaree et al., 2013; Cho et al., 2014] .
Although inflammatory response plays a crucial role in bone regeneration, prolonged and/or exaggerated inflammation is harmful and retards the bone healing process [Stroncek and Reichert, 2008] . Also, the precise effects of innate and adaptive immune systems and their products on bone healing, especially for temporal and spatial patterns, remain unclear. Some products/cytokines are reported to promote bone healing, while others have been suggested to inhibit the process. Transplanted MSCs not only have the capability to differentiate into osteoblasts, but they are also known for their immunomodulatory effect via a variety of mechanisms [Pittet et al., 2014] . MSCs can be polarized into either a proinflammatory or immunosuppressive phenotype based on tolllike receptors (TLRs). They are polarized into a proinflammatory phenotype by TLR4 stimulation, whereas TLR3 stimulation can polarize MSCs into an immunosuppressive phenotype determined by MSC1 and MSC2, respectively [Waterman et al., 2010] . MSC1 has a significant effect in reducing IL-6, tumor necrosis factor-α (TNF-α), and IL-1β levels 3 days after fracture. This process leads to a better regeneration by limiting tissue injury and inhibiting the progression of fibrosis [Carrion and Figueroa, 2011] . It has been shown that the production of inflammatory cytokines, including TNF-α, IL-6, IL-12p70, and IFN-γ, by macrophages is significantly suppressed by MSCs, while the production of antiinflammatory cytokines like IL-10 and IL-12p40 is increased. It seems that PGE2 is the key mediator for this process [Asami et al., 2013] . The antiapoptotic effect of MSCs could also accelerate the process of bone healing. It has been suggested that faster bone healing with MSC transplantation may be especially correlated with lower levels of TNF-α expression in the callus [Kovach et al., 2015] . This may favor bone formation since it has been reported that TNF-α can have proapoptotic effects on osteoblasts.
MSCs and Angiogenesis
As we know, angiogenesis is a very important factor for bone formation and it is logical to speculate that angiogenesis also contributes to bone regeneration and repair. In this regard, many studies have attempted to incorporate angiogenic factors, including vascular endothelial growth factor (VEGF), basic fibroblast growth factor, insulin-like growth factor, platelet-derived growth factor, and bone morphogenetic proteins (BMPs) into scaffolds to improve the bone healing process Simmons et al., 2004; Formiga et al., 2010] . The process of angiogenesis involves a complex interaction between endothelial cells and the corresponding microenvironment, including endothelial cell survival, prolif eration, migration, tube formation, and maturation. In previous in vivo studies, the angiogenic activity of MSCs has been suggested to contribute to their regenerative capability [Smadja et al., 2012; Manieri et al., 2015] . The angiogenesis could be increased with the help of their paracrine signal. The microenvironment of the damaged tissue changes due to the angiogenesis, which then benefits osteogenesis [De Luca et al., 2011] . Some biomatrices, such as platelet-rich fibrin (PRF), play critical roles as a biological niche in stimulating the resident MSCs in the angiogenesis process. PRF (fibrin sealant or fibrin glue) is the second-generation plasma-rich plasma (PRP), which is an improved version of the traditionally prepared PRP. PRF significantly enhances the healing of soft and hard tissues and is widely used in regenerative dentistry. The PRF not only enhances the healing process through reducing bone resorption, but it also promotes neoangiogenesis in the defect site of oral bone [Marrelli and Tatullo, 2013] . It has been shown that the angiogenic activity of PRF is due to the slow and steady release of growth factors such as VEGF, which is primarily responsible for endothelial cell proliferation via the extracellular signal-regulated kinase activation pathway [Roy et al., 2011] .
MSC Homing and Recruitment to Bone Defects
Many challenges are involved in the healing of criticalsized bone defects (CSDs). In bone, CSD is the term used for any orthopedic defect that will not heal without intervention and where nonunion would subsequently occur [Poser et al., 2014] . Basically, there are 3 main reasons for the occurrence of nonunions, including a lack of MSC migration into the defect site, insufficient numbers of osteoblast progenitor cells (MSCs) in the CSD, and failure to differentiate into osteoblasts or the wrong differentiation of MSCs . As the first step of the chain in the treatment of nonunions, many researchers attempt to recruit MSCs to the defect site. The exact mechanism of MSC homing to the injury site is still not clear; however, chemotactic factors released at the site of the bone defect must play an essential role in MSC homing and recruitment.
It is known that MSCs express at least 19 chemokine receptors . Specific chemokine receptors (e.g., CCR1, CCR7, CCR9, CXCR4, CXCR5, and CXCR6) are important mediators in this matter, and among them CXCR4 and its ligand (CXCL12 or stromal-derived factor 1; SDF1) are the most widely investigated mediators in the MSC recruitment process [Kitaori et al., 2009] . A localized hypoxic condition occurs in the initial stage of fracture due to vascular damage that acts as a useful recruitment factor and regulatory stimulus for MSCs and other progenitor cells [Mehta et al., 2012; Toupadakis et al., 2012] . It has also been suggested that new bone formation occurs under hypoxic conditions [Olmsted-Davis et al., 2007] . Hypoxia can express special genes that increase cell survival under low oxygen tension and induce the reestablishment of blood vessels for oxygen delivery [Papandreou et al., 2006] . In addition, hypoxia by the expression of the hypoxia-inducible factor 1-α (HIF-1α) subunit transcription factor may induce the upregulation of SDF1 and ultimately regulate the homing of progenitor cells. The SDF1/CXCR4 (CXC chemokine receptor R4) axis is thought to be a master mediator of MSC recruitment and migration [Yellowley, 2013] . Because of the hypoxic condition at the injured (fracture) site, it is possible that the expression of chemokines such as SDF1 is regulated by hypoxia and HIF-1α. The homing of leukocytes and their role in transporting hematopoietic precursors in tissues are very similar to mechanisms that govern the migration of MSCs [Trautmann et al., 2014] ( Fig. 2 ) . It has been discovered that mobilization of MSCs to the site of fracture, where they are thought to contribute to the regeneration of bone, is mainly facilitated through paracrine support of angiogenic factors (e.g. VEGF, EGF). Furthermore, secretion of angiogenic factors in injured tissue could be due to the activation of HIFs [Mallela et al., 2013] . MSCs can also recruit the other MSCs or progenitor cells towards the injury/defect site via paracrine effects [Shao et al., 2015] . Some studies have focused on the recruitment of MSCs to the bone defect site for treating the nonunions. Das et al. [2014] showed that FTY720 (a small molecule) enhances MSC recruitment to the calvarial defect of rats, thus promoting skeletal repair. They suggested that sustained release of FTY720 from injected microspheres used alone or in combination with rhBMP-2 improves the recruitment of MSCs and subsequently increases bone repair. Zwingenberger et al. [2014] showed that SDF-1α mediates stem cell mobilization and enhances BMP-2-induced bone regeneration in CSDs. They implanted adenovirally activated fat tissue grafts expressing SDF-1α and/or BMP-2 at the defect site in the treatment group. CT-scans and histological analysis confirmed a higher degree of bone healing in the BMP-2 and SDF-1α combined group compared with the negative control group. In this area, another investigation showed that cobalt can activate HIF-α, through which it contributes to the recruitment of MSCs for the initiation of the bone healing process . With these promising results, endogenous MSC recruitment into the bone injury/defect site via small molecules or protein mobilizing factors could be another interesting field for researchers working on stem cell-based therapy in bone regeneration.
MSCs and Differentiation of Host Cells
Although MSCs have great potential to differentiate into various cell types, such as osteoblasts, and it has also been hypothesized that MSC transplantation would induce tissue regeneration by replacing cells in the injured site, the incidence of MSC engraftment has remained surprisingly low. Accumulating evidence indicates that the general therapeutic effects of MSCs are due to their ability to support a regenerative microenvironment rather than their capacity to differentiate and incorporate into the host tissue [Horwitz et al., 2002; Amin et al., 2014] . As previously mentioned, MSCs reduce the TNF-α level at the injured site. Another important effect of TNF-α is the blockage of osteoblast differentiation, which occurs by inhibiting the expression of 2 essential transcription factors for bone formation: Runx2 and its downstream target, osterix [Nanes, 2003] . Therefore, MSCs make an indirect contribution to osteoblast cell differentiation and bone regeneration. An interesting experimental study showed that transplanted MSCs contribute to fracture healing by Fig. 2 . MSC homing to the fracture site. HIF-1α may increase the transcription of CXCL12 (SDF1) production in the cells of damaged bone. In normoxia conditions, HIF-1α is hydroxylated by the activity of prolyl hydroxylase domain protein 2 (PHD2), leading to HIF-1α binding to the von Hippel-Lindau protein (VHL) and subsequent ubiquitination (Ub) and proteasomal degradation. Otherwise, in hypoxia (low O 2 ), due to a reduction of PHD2 activity, HIF-1α levels are stabilized and migrate into the nucleus to form a complex with HIF-1β. HIF-1α then binds to the hypoxiaresponsive element (HRE) on the promoter of the CXCL12 gene with the cooperation of the transcriptional coactivating CREBbinding protein (CBP). This cascade can drive the upregulation of CXCL12 levels at the site of injury and promotes the migration of MSCs from the blood circulation to the defect site. The CXCL12 ligand binds to its receptor CXCR4 on circulating cells and converts cell surface integrins to a high-affinity state. This process is necessary for the binding of MSCs to vascular endothelial cells. MSCs then migrate through the endothelium towards the CXCL12 gradient. This process of chemokine-mediated cell extravasation is very similar to leukocyte transmigration. expressing BMP-2, which induces bone and cartilage formation [Granero-Moltó et al., 2009] . Some of the mechanisms of MSC action on bone regeneration and repair are illustrated in Figure 3 .
Delivery Methods of MSCs for Bone Repair
So far, several different approaches have been utilized to deliver MSCs into the injured area of the bone (i.e., bone defects) [Bernardo et al., 2007; Sorrell et al., 2009; Lee et al., 2010; Achille et al., 2011] . The most common method for using MSCs is direct injection [Chabner et al., 2004] . Some studies have also shown that seeding MSCs on biocompatible scaffolds could be an attractive candidate for treating nonunion fractures [Oryan et al., 2014b] . In general, MSCs can be applied through systemic and local injections or by tissue engineering approaches.
Systemic Injection Approach
Systemic injection of MSCs has been used in the treatment of osteoporosis and fracture healing for many years [Huang et al., 2015] . Several factors are involved in order to achieve more successful results from cell therapy in bone healing. These include the vehicle and type of cells, cell concentration, differentiating status of the cells, treatment period, and route of administration [GraneroMoltó et al., 2009] . Bone marrow-derived MSCs and adipose tissue-derived MSCs (ADMSCs) are the most applicable type of MSCs that have been used in bone regenerative medicine. Among these, the stromal vascular fraction (SVF) is a component of adipose tissue that has attracted much attention recently, specifically for the use of this fabulous extraction in bone and cartilage defects [Jurgens et al., 2013] . SVF of adipose tissue is a rich source of preadipocytes, MSCs, different types of progenitor and inflammatory cells, and cytokines, which are extracted by the processing of body fat [Gentile et al., 2012] . Evidence from experimental and clinical studies has shown that SVF is more effective in bone and cartilage healing than ADMSCs alone. It is believed that the more advantageous effects of SVF may be a reflection of different growth promotion factors and cytokines, which not only support the proliferation, differentiation, and viability of ADMSCs, but also play a critical role in the tissue repair process [Pak et al., 2014] . SVF can be easily collected and enriched with platelet-rich plasma . In addition, ADMSCs in SVF can be activated by photostimulation with low-level lasers and light-emitting diodes [Peng et al., 2012] . Similar to drug studies, there is an effective cell dose (ECD) for stem cell therapy, which is defined as the minimum cell number required to discern a remarkable therapeutic effect [Horwitz et al., 2002] . In clinical trials that have focused on bone regenerative medicine, the MSC dose per person is determined as a mean of 1.86 × 10 8 cells, or is based on body weight, calculated as a mean of 6.64 × 10 6 cells/kg. However, there is no precise available ECD for the treatment of bone defects and disorders, meaning further studies are needed to illustrate a guideline in this regard.
It is important to select an appropriate route of administration for MSC therapy in order to improve bone healing. Intravascular injection of MSCs (including intravenous, IV, and intra-arterial, IA, cell delivery) has been used by many clinicians in bone defects and some promising results have been reported [Horwitz et al., 1999 [Horwitz et al., , 2001 Le Blanc et al., 2005] . Intravascular delivery of MSCs is the most common systemic method that is minimally invasive and has the potential for a broad distribution of cells throughout the body. Despite the suggested beneficial effectiveness of an IV injection method on bone repair, some drawbacks have been reported previously, such as significant entrapment of cells after passing through the lungs and formation of vascular microemboli [Castelo-Branco et al., 2012] . This effect in IV delivery of MSCs is called the pulmonary first pass effect [Fischer et al., 2009] . However, some investigations have suggested that MSCs trapped inside the lungs can potentially have therapeutic effects Choi et al., 2011; Roddy et al., 2011] . Alternatively, MSCs can be systemically delivered by IA injection that overcomes the drawbacks of an IV delivery method. The pulmonary first pass effect of IV injection is bypassed by an IA route of administration. In addition, the ECD can be decreased by simply switching from IV to IA delivery due to the bypassing of the lungs and lower risk of cellular embolism. However, cellular embolism has also been reported with the IA delivery route of bone marrow stromal cells (BMSCs) in rats, which is related to the cell dose and infusion velocity . Overall, use of a local delivery route for MSC transplantation has been suggested because many researchers believe that after systemic infusion virtually all MSCs are trapped in the lungs and rapidly disappear. The occurrence of some cells in extravascular spaces is most likely due to the vascular leakage created by the injury. A comparison of IV and IA delivery of MSCs is provided in Figure 4 . 
Direct Local Injection Approach
In nonunion fractures, MSCs are usually harvested by bone marrow aspiration from a donor site (iliac crest, sternum, and tibia) and injected at the site of the bone defect. This method has been developed as a system called "bone marrow aspirate concentrate" (BMAC), which was so termed due to the aspirated mixture containing many MSCs [Murrell et al., 2015] . Several clinical studies have shown the effectiveness of a direct injection (local delivery by simple injection) approach in promoting bone regeneration [Connolly, 1998; Hernigou and Beaujean, 2002; Janowski et al., 2013] . In one study, BMAC was administered by a direct injection method with the aim of healing nonunion fractures in 20 patients; 80% of whom showed full recovery after 3 months [Elsattar et al., 2014] . Another study showed a positive correlation between mineralization and the quantities of BMAC used by percutaneous injection in 60 patients with nonunion of the tibia [Hernigou et al., 2006] . Other direct topical/local applications for MSC delivery include cell spray, gel, or subcutaneous injection with culture media or an appropriate carrier [Ennis et al., 2013] . The optimal cell concentration that should be used in a direct local injection approach is debated. Some researchers believe that the ECD for MSCs needs to be greater than 1 million cells per cubic centimeter of tissue to be effective in bone repair [Young et al., 2014] . However, despite the ECD information required for a local injection method, for induction of successful tissue regeneration a local delivery of MSCs should be combined with a systemic injection method. In general, systemic delivery approaches are more advisable for the treatment of deeper and multiple fracture sites, while local delivery of MSCs is more suitable for single and superficial bone defects [Raynaud and Rafii, 2013] .
Tissue Engineering Approaches
In large bone defects where a significant amount of the bony tissue has been lost, a direct injection method has been found to be ineffective for MSC delivery and the acceleration of the bone healing process [Qin et al., 2014a] . Recently, it has been suggested that the controlled delivery of MSCs and factors that promote healing within biomaterial carriers (hydrogel, scaffold, etc.) can increase and accelerate functional new bone formation. There are 3 main tissue approaches for MSC-based cell delivery systems: (1) delivery of cells within injectable or prefabricated scaffolds, (2) codelivery of cells with osteoinductive growth factors or coculture with other cell types, and (3) delivery of cells within a 3D dynamic environment.
Basically, a functional prefabricated bone requires 3 elements: scaffolds or carriers (a 3D support), endothelial growth factors (stimulation of neovascularization and provision of blood supply), and MSCs or other growth promotion factors (stimulus for osteoinduction and recruitment of endogenous MSCs). An ideal scaffold/carrier should have 4 characteristics, including osteogenesis, osteoincorporation, osteoinduction, and osteoconduction [Oryan et al., 2014b] . Also, it should have a favorable cellular attachment capability and support colony formation. Biocompatibility is one of the primary characteristics of any scaffold, which is reflected by their ability to support a normal endo/exogenous cellular metabolism without any toxic effects [Amini et al., 2012] . Another important criterion for designing an ideal scaffold/carrier is the mechanical properties. These should match the host bone mechanical properties as closely as possible [Mallick and Cox, 2013] . In order to achieve successful diffusion (for accruing important nutrients, oxygen, and to remove cellular waste products), interconnected porosity is a necessity for scaffolds where pore size should be at least 100 μm in diameter [Bose et al., 2012] . The optimal scaffold pore size for bone tissue engineering is 200-350 μm [Murphy et al., 2010] . Another crucial factor for prefabricated scaffolds/carriers is bioresorbability, which has been described as its ability to degrade with time in vivo, preferably at a controlled rate and eventually creating space for the generation of new bone and remodeling. The degradation time of the prefabricated bones should vary based on applications such as 2-4 months for long bone defects, or 3-6 months in oral and craniofacial bone reconstruction [Williams, 2008] . The harvesting of MSCs is also a critical issue in TERM and it should be easy, inexpensive, and available. BMSCs are the most popular MSCs that can be easily harvested from the patient and widely used in long bone repair and regeneration. Using a newly discovered MSC lineage and an easily harvestable adult stem cell, such as dental pulp stem cells (DPSCs), introduces an interesting option in repairing bone defects of oral and dental tissues . These cells possess phenotypic characteristics similar to those of BMSCs, and they have the ability to self-renew and differentiate into multiple cell lineages, which are able to form the dentin-pulp structure when transplanted into immunocompromised animal models . In addition, DPSCs participate in the repair and regeneration of nondental tissues; in fact, these cells can differentiate into various types of cells, including neuron-, hair follicle-, hepatocyte-, and cardiomyocyte-like cells. Another source of MSCs easily isolated from dental pulp is stem cells derived from human exfoliated deciduous teeth, or SHEDs. Similar to DPSCs, these cells have been identified as a novel population of postnatal stem cells which could be induced to differentiate into odontoblasts, osteoblasts, myocytes, adipocytes, and neuron-like cells. Dentin and bone could be formed when the cells are transplanted with bioactive materials in vivo [Tatullo et al., 2015c] .
MSC Delivery within Injectable or Prefabricated Scaffolds
The simplest method for MSC delivery in a local area with good efficacy is provided by scaffolds or special 3D-structured carriers without the coadministration of exogenous growth factors. Numerous studies have formulated MSCs with natural and synthetic materials [Guo et al., 2009; Yang et al., 2009; Chan et al., 2010] . However, injectable ceramic-based carriers consisting of MSCs and biocompatible hydrogels may be a good option as a carrier for bone regeneration due to the osteoconductive characteristics of seeded MSCs as well as other advantages, such as injectability . On the other hand, lack of adequate mechanical pressure bearing in the mentioned carriers was a big challenge that should be considered especially in large bone defects that require more solid structures [Amini et al., 2012] .
In one study, rat MSCs cultured on calcium phosphate material (ceramic component) and chitosan (hydrogel component) composites showed a severalfold increase in ALP activity in comparison to FDA-regulated calcium phosphate-based scaffolds and tissue culture plastic in vitro, indicating a special differentiation into an osteoblastic lineage [Moreau and Xu, 2009] . Another in vivo implantation of the porous composite scaffolds within a critically sized calvarial defect in a rat showed near complete osseous closure of the defect over 6 weeks .
The surface properties of a biomaterial have an important influence on their bioactivity and play critical roles in modulating cellular events. Considerable efforts have been made to increase the bioactivity and biocompatibility of TERM architectures via surface engineering and surface functionalization to provide an extracellular matrix (ECM)-mimicking environment in order to achieve better cell adhesion and tissue ingrowth. It has been shown that some silicon nanoporous and mesoporous matrices have the ability to differentiate DPSCs towards the osteogenic phenotype. The functionalization of a silicon nanoporous scaffold with (3-aminopropyl)trimethoxysilane and toluene was shown to support the growth of DPSCs, which could be used in osteogenic differentiation . Another study showed that the physicochemical and biological properties of the mesoporous bioactive glass modified β-tricalcium phosphate (TCP) scaffolds, which were significantly improved when compared to the β-TCP scaffolds without the mesoporous bioactive glass nanolayer. The results of that study also suggested that incorporation of nanostructures and bioactive components into the bone bioscaffolds synergistically plays a key role in improved bone formation .
Codelivery of MSCs with Other Cell Types or Growth Factors
To increase the osteogenic efficacy of MSCs, they can be chemically or physically manipulated in vitro to induce predifferentiation into a specific lineage of osteogenic cells. Most commonly, an osteogenic medium with rich components, including dexamethasone, ascorbic acid, and β-glycerol phosphate, is used to increase osteoblastic differentiation of MSCs in vitro [Amini et al., 2012] . The conventional culture medium can sometimes also be supplemented with growth factors like BMPs and TGF-β (transforming growth factor-β) to enhance their differentiation towards osteoblasts. The major problem is that MSC proliferation is greatly inhibited by their early induction down the osteogenic lineage and causes a significant reduction of viable MSCs for delivery. Also, this method requires large amounts BMP and TGF-β to maintain the differentiated MSCs because of the short half-life of the growth factors. Therefore, this method is not practical according to the cost-benefit analysis.
Recent strategies have suggested the codelivery of MSCs with other cell types or growth factors in various delivery vehicles. The incorporation of growth-promotive factors is used to stimulate the differentiation of transplanted MSCs and enhance their activity as well as recruit undifferentiated osteoprogenitor cells into the vehicle. Until now, numerous investigations have shown the regenerative potential of growth factors and MSC codelivery in vitro and in vivo [Kim et al., 2007 [Kim et al., , 2010 Terella et al., 2010] ; however, the synergistic effect of growth factors for a significant increase in bone formation is still unclear. Codelivery of MSCs with other cell types, such as endothelial cells and osteoblasts, may be another interesting option for increasing the osteogenic efficacy. Crosstalk between MSCs, osteoblasts, and endothelial cells is vital to the formation of new bone as well as the process of angiogenesis [Grellier et al., 2009] . In this regard, MSC and endothelial cell interaction leads to local release of VEGF and BMP-2, which promotes angiogenesis and osteoblastic differentiation, respectively. Numerous in vivo and in vitro studies have shown the positive effect of MSCs, endothelial cells, and osteoblast codelivery on vascularization and osteogenic differentiation in various scaffolds Tao et al., 2009; Xue et al., 2009] . However, there are conflicting views regarding the application of osteogenic differentiation before or simultaneously with the MSC transplantation. Not only does it decrease the proliferation rate of MSCs, but more importantly it directs the stem cell that is in the BMSC population into osteogenic cells only; in other words, the skeletal stem cell does not self-renew and is lost. This becomes significant for long-term efficacy. Bone must turnover with time, and if the skeletal stem cell is lost this turnover fails in the long term [Robey, 2011] .
Delivery of Cells within a 3D Dynamic Environment
The extracellular environment can regulate the fate of MSCs via exposing them to various chemical, physical, and mechanical signals [Tatullo et al., 2016] . In order to mimic the natural transport and biomechanical conditions in human/animal bodies, MSCs may be cultured within a dynamic 3D environment such as conventional bioreactors [Rauh et al., 2011; Yeatts and Fisher, 2011] . A novel strategy for fabrication of a dynamic 3D environment involves the manufacturing of bioactive ECM coatings on biologically inert vehicles to present biological signaling cues for the bone healing process. A newer approach in tissue engineering that attempts to simulate the situation of the natural ECM is a special hydrogel with the property of light-activated immobilization of biomolecules. In this hydrogel, a controlled release of the biomolecules, including various types of growth hormones and cytokines, etc., occurs under the control of photosensitive biofactors. Different biomolecules are released at different times to mimic as closely as possible the situation of the natural ECM [Luo and Shoichet, 2004] . However, the native ECM consists of a very complex arrangement of collagen, glycoproteins, and a variety of growth-promotive factors which continuously change in a real regeneration process; thus the replication of the same ECM is almost unthinkable [Dennis et al., 2015] . Recently, investigations have focused on designing new vehicles by using the decellularized matrices (natural ECM). Numerous studies have shown the promising osteogenic effects of MSC-laden decellularized ECMs in the absence of osteogenic cell culture supplements or any growth factors [Datta et al., 2006; Pham et al., 2009; Liao et al., 2010] . One study showed that MSCs seeded with ECM construct and cultured in medium either with or without dexamethasone revealed similar amounts of calcium deposition after 16 days. Moreover, a significant increase in the number of MSCs over time was observed in the MSC-seeded ECM construct group in comparison with the culture medium group [Thibault et al., 2010] .
Surface roughness and the topology of bone scaffolds/ matrices can be the first physical cue for the seeded MSCs. In fact, utilization of different surfaces can modify cell behaviors. Tatullo et al. [2016] showed that physical factors of the cell culture environment were able to affect the distribution and shape of the MSCs isolated from dental pulp (DPSCs), and were able to regulate their differentiation into osteogenic phenotypes. The cells seeded on the hydrogel scaffolds derived from bovine bone ECM tended to grow in clusters, and created a round structure that increased the contraction of the hydrogel scaffold. They also found that application of hydrogel scaffolds fabricated with bovine bone ECM influenced the cell distribution and cell morphology, based on their matrix stiffness, and also enhanced the odontogenic and osteogenic differentiation of DPSCs in comparison to the conventional polystyrene tissue culture plates. Cell morphology on different surfaces reflects the cytoskeletal organization, such as microtubules and actin filaments. These changes in cytoskeletal organization and mechanical properties are dependent upon integrin clustering which can significantly lead to osteogenic differentiation [Mathieu and Loboa, 2012] . Therefore, the different mechanical properties of scaffolds and the surfaces matrices influence cytoskeletal changes and play a critical role in odontogenic or osteogenic differentiation [Yim et al., 2010] .
Clinical Application of MSCs for Bone Healing
Until now, MSCs have been used in bone tissue engineering in order to improve the therapeutic options for enhancing bone repair. MSCs have been studied in a wide variety of animal species, including mice, rats, rabbits, dogs, and horses [Jafarian et al., 2008; De Schauwer et al., 2013] . Similar to humans, the MSCs can be isolated from these animals, making animal models useful for understanding the mechanisms and applicable approaches in the clinical setting. Clinical trials that have used MSCs for treating bone injuries can be categorized into 2 major groups based on the site of MSC application: (1) oral and maxillofacial defects, and (2) long bone defects. Using MSCs, several strategies have been utilized to promote bone repair in the clinical setting, including the local or systemic injection of MSCs with or without hydrogels, fabricated scaffolds with MSCs, and a cell sheath layer (free scaffold strategies).
MSCs for Treating Oral and Craniofacial Bone Injuries
Oral and maxillofacial surgery is a regional specialty, focusing on treatment of the head, neck, face, jaws, and the hard and soft tissues of oral (mouth) diseases and defects. In oral and maxillofacial surgery, inserting implants in a reconstructive approach is a routine surgical procedure but has not always been associated with satisfactory results. For instance, in severely resorbed posterior maxilla, the procedure may be complicated due to the lack of cortical bone, low density of cancellous bone, limited volume, and the mechanical properties of the resorbed bone [Mangano et al., 2014] . Moreover, implant placement success rates have been reported to be lower in the posterior upper jaw than in other regions [Monteiro et al., 2015] . When natural maxillary teeth are lost through progressive maxillary sinus pneumatization, which is associated with the formation of caudal recesses, the ridge (toothless area) gradually loses both height and width [Rokn et al., 2011] . Sinus augmentation or sinus lift is a surgical procedure that aims to increase the amount of bone volume in the molar and premolar area. This procedure is intended to add new bone between the jaw and the maxillary sinuses (in the caudal section of the maxillary sinus) [Sarkar and Lee, 2015] . Among the various techniques that are available to reconstruct deficient bone or fill a ridge, such as using a synthetic bone substitute like ceramics, bioglass, and glass ceramic compounds, autologous grafting is still a predictable and well-documented surgical approach [Tavakolinejad et al., 2014] . However, the major limiting factor for autogenous bone graft reconstruction is that the procedure is generally invasive and is associated with donor site complications, including infection, malformation, and pain [Sarkar and Lee, 2015] . In pediatrics, a large number of cases also have cleft lips and a palate that needs to be reconstructed with autologous bone implants. Unfortunately, these procedures involve many complications that could dramatically impact the speech and swallowing of the children [Zuk, 2008] .
In recent decades, the application of the MSCs for treating oral and craniofacial bone defects has become more and more popular in the literature. To list a few, MSCs have been incorporated with hydroxyapatite/TCP scaffolds for the reconstruction of calvarial and alveolar bone in mice and dogs [De Kok et al., 2003; Mankani et al., 2006] , seeded into microporous gelatin scaffold for the regeneration of calvarial defects in mice [Krebsbach et al., 1998 ], combined with PLA-based scaffolds to repair cranial bone defects in rabbits [Bidic et al., 2003] , and loaded on hyaluronan-based scaffold in order to regenerate orbital rim defects in pigs [Radice et al., 2000] . MSCs with or without scaffold and osteogenic factors have been used for many sinus augmentation surgeries in many clinical trials [Gimbel et al., 2007; Pelegrine et al., 2010; Sauerbier et al., 2010; Rickert et al., 2011; Sauerbier et al., 2011; Hermund et al., 2012; Kaigler et al., 2013] . In addition, MSCs have been used by different delivery approaches in other craniofacial defects caused by traumatic bone defect, osteomyelitis, and tumor resection ( Table 2 ) . Most clinical trials in oral and craniofacial bone repair have reported promising results [Gimbel et al., 2007; Pelegrine et al., 2010; Sauerbier et al., 2010; Rickert et al., 2011; Sauerbier et al., 2011; Kaigler et al., 2013] ; however, no statistically significant results were found in one clinical trial [Hermund et al., 2012] . Such controversial results may be rooted in the various technical errors. For example, the autogenous bone MSCs were harvested from the atrophic tuberosity region that may contain low-quality MSCs for regeneration purposes. The conventional MSC cultivation and expansion procedure may have reduced the efficacy of regenerative effects. Such reduced efficacy occurs especially when other clinical trials apply BMACs directly and without any expansion process, or when the procedure is carried out without special bioreactors or high-tech facilities. Furthermore, the results of some studies that did not show proper bone formation may be due to low-quality starting material or inadequate culture conditions. The culture conditions used are vastly different from one laboratory to another, and this can have a dramatic impact on outcome.
Although MSCs continue to be used as applicable stem cells for the regeneration of oral and craniofacial defects, they present some drawbacks that should be recognized. Foremost, bone marrow harvesting is a painful procedure, especially for children with a massive cleft palate/lip. The yield of bone marrow harvest is also an issue. An in vitro amplification for harvested MSCs is almost a necessity due to the relatively low numbers of harvested cells (1 MSC/10 4 -10 6 stromal cells) [Kadiyala et al., 1997] . Because of these drawbacks, some publications have presented MSCs isolated form adipose tissue as an attractive alternative for BMSCs [Hudson et al., 1995; Levi and Longaker, 2011] . Although, ADMSCs share certain features with BMSCs (for example the expression of connective tissue cell surface markers), their osteogenic potential has been demonstrated primarily by in vitro analyses and often with the help of growth factors such as BMPs. To date, there is no rigorous evidence that MSCs isolated from adipose tissue are inherently osteogenic. They may temporarily form bone when treated with BMPs, but the bone is not enduring when BMP-induced signaling disappears. In fact, Levi et al. [2010] reported that ADSCs induced bone formation by cells in the dura mater (via paracrine hedgehog signaling with calvarial osteoblasts), and did not make bone themselves.
MSCs for Treating Long Bone Injuries
In the literature to date, a review of clinical trials in long bone healing and repair provides very limited evidence of trustworthy data on bone tissue regeneration reported after in vitro cultivation of MSCs, and there is not any scientific evidence for the use of genetic manipulation technology (e.g., gene-modified MSCs). Unlike in animals, generally only BMACs have been used in human clinical trials [Hauzeur and Gangji, 2010] . For the first time, Connolly and Shindell [1986] used bone marrowderived MSCs in a case of nonunion. In a further report that was conducted between 1986 and 1995 (involving 15 years of research), bone marrow transplant was used for osteogenesis in 100 patients with nonunion tibial fractures, with a positive correlation apparent in 80 patients [Connolly, 1998 ]. In the prone position and under gen- eral anesthesia, bone marrow was aspirated in 3-5 mL aliquots. At the same time as the marrow aspiration, a second needle was placed into the site of the nonunion and 100-150 mL of BMA was directly injected. The second injection was performed in 2 cases without the reason being mentioned by the authors. Eventually, the healing time was reported to be between 6 and 10 months. For the first time, Horwitz et al. [1999] reported clinical responses of 3 children with severe osteogenesis imperfecta (OI) who underwent allogeneic mesenchymal bone marrow transplantation. OI is a genetic disorder that mainly affects the bones, making them brittle. MSC therapy can be used to reduce fracture rates in such skeletal abnormalities. The cells were injected intravenously after treatment with immunosuppressive drugs. A postoperative histological evaluation after 216 days and bone densitometry analysis showed a significant improvement in the bone structure [Horwitz et al., 1999] . In another study performed in 2005, the results of a retrospective study including 60 patients with tibial nonunion fracture were reported [Healey et al., 1990] . Under general anesthesia, 300 mL of bone marrow was aspirated from the donor site (iliac crest), then concentrated by centrifugation. The 50 mL of concentrated bone marrow was injected into the nonunion site. In 53 patients, bone formation (union) was obtained between 4 and 16 weeks after treatment. The number of injected MSCs was counted and a significantly lower number of MSCs was observed in the cases that showed failed repair. In a randomized controlled trial, the autologous osteoblast cells were obtained from a 4-week culture of 3-5 mL bone marrow aspirate. A mixture with 0.4 mL (12 × 10 6 cells) and fibrin was prepared and injected locally into the fracture site. Eventually, a significant fracture healing acceleration was observed. This is the only published clinical trial that has used differentiated MSCs in long bone fracture healing [Kim et al., 2009] .
In the field of stem cell therapy, considerable clinical information about the myriad possibilities are available for consideration. Many registered international or national clinical trials have been conducted to investigate the role of MSCs in long bone defect healing. However, so far almost none of them have reported their results, with only a few providing initial information about their research. This review used available information in clinical trial databases such as the European Clinical Trials Database (https://www.clinicaltrialsregister.eu/), the ClinicalTrials.gov database (https://clinicaltrials.gov/), the International Standard Randomized Controlled Trial Numbers Register (http://www.isrctn.com/), and the Australian and New Zealand clinical trials registry (www. anzctr.org.au/) . In order to show the current status of clinical MSC therapy for bone repair, the available clinical trials are listed in Table 3 . All the clinical trials related with MSCs and long bone defects cited in clinical trial registries were included, and those labeled as "unknown status," "withdraw," or "not yet recruiting" were excluded. Finally, 16 clinical trials related to long bone fracture, delayed union or nonunion, and MSC therapy were identified that were cited in clinical trial registries as completed (10 of them) or recruiting patients. These trials used MSCs for treating long bone fracture/nonunion via different procedures, including direct injection/implantation of the MSCs with or without scaffolds/matrices. They can be classified into 3 groups to allow for a comparative analysis. The first group, with 4 clinical trials (3 completed), used local injection of MSCs without in vitro culture and expansion, and none of these trials have been published so far. The second group (5 clinical trials, 2 completed, none published) used expanded MSCs by local injection in the defect site. The third group consisted of 8 trials intending to test MSCs with bone substitutes. Just 1 among the completed trails has published the results [Liebergall et al., 2013] .
Needless to say, the main criticism of these completed clinical trials is their failure to report results. This may reflect: (1) lack of expected results (e.g., beneficial effects of MSCs on bone regeneration), (2) inconsistency in results, (3) the need to conduct further phases of study, or (4) other unknown reasons. In addition, many of these trials do not offer enough information about their exact protocols, which would be necessary to repeat their work in other centers or organizations. However, because of the ambiguous evidence in these clinical trials and lack of published results, success with this therapy will remain controversial and disputed.
Future Directions of MSC Therapy in Clinical Practice
The molecular engineering of stem cells is an interesting area for researchers who try to combine gene therapy with stem cell therapy in order to get better regenerative properties. Over the past 2 decades, a gene delivery strategy for enhancing the function of MSCs has been developed [Izadpanah and Bunnell, 2008] . MSC gene delivery can be divided into viral and nonviral methods [Izadpanah and Bunnell, 2008] . Among the available viral methods, some viral vectors have been used widely by gene therapists, including oncogenic retroviral vectors, ade- [Santos et al., 2011] . BMP family genes are the most commonly used in genetic manipulation of MSCs due to their better regeneration properties [Gamradt et al., 2006; Zhang et al., 2012] . He et al. [2013] evaluated the role of BMP-2 genetically engineered MSCs on the bone regeneration process in a critical sized calvarial bone defect model in rats. The transfected cells dramatically increased new bone formation and angiogenesis 5 weeks after surgery when compared to the nontransfected MSCs. Seamon et al. [2013] subcutaneously injected MSCs transduced with adenoviral vector (Ad-VEGF + BMP-6) in rats. Analysis showed that only gene-transduced MSCs could induce osteogenesis in vivo, whereas adenoviral vector or nontransduced MSCs alone did not induce osteogenesis.
The osteogenic genes can also be transduced to MSCs using a gene-activated matrix (GAM). GAM is one of the tissue engineering approaches that consists of collagenous scaffold impregnated with plasmid DNA encoding osteogenic genes. When GAM is inserted into a bone defect, host MSCs entering the scaffold are transfected by plasmid and consequently secrete the osteogenic gene product. The usefulness of GAM in bone tissue regeneration was investigated by Umebayashi et al. [2015] . GAM with atelocollagen containing cDNA of BMP4 (pBMP4) or Runx2 (pRunx2) was transplanted into the cranial bone surface under the periosteum of F344 rats. At 2, 4, and 8 weeks after surgery, the results showed that the bone induction effect of GAM is dose-dependent and bone formation was detectable in specimens containing 1 mg of pBMP4 or pRunx2 at 8 weeks.
Epigenetic regulation and RNA interference are major strategies routinely used to modify genes. Gordon et al. [2011] showed that loss of the PBX1 (pre-B-cell leukemia homeobox 1) gene from the osterix promoter is associ- ated with an increase in the recruitment of histone acetylases (p300). Based on this result, it was proposed that PBX1 plays a central role in weakening the activity of the HOXA10 (homeobox A10) gene as an activator of osteoblast-related genes and functions to establish the appropriate timing of gene expression during osteogenesis. Furthermore, Zeng et al. [2012] found that knockdown of BMPR-2 by RNA interference inhibits osteogenic differentiation of ADMSCs. Although promising results have been generated in the experimental studies, gene-manipulated MSC transplantation for treating bone injuries in humans has limited application and its safety and efficacy need to be elucidated in the near future. In addition, developing clinical grade vectors is a very complex process and does not seem to be cost effective. Genetic modification strategies of MSCs for bone healing are shown in Figures 5 and 6 .
Conclusion
The challenge for the upcoming decade of bone regeneration research is therefore to build on recent advances in our understanding of stem cells and our improved understanding of cellular and molecular therapeutic mechanisms of action in long bone delayed union/nonunion fractures. However, there is a significant clinical need to illustrate the exact mechanisms of MSCs in bone healing processes and evaluate their performance on large bone defects, delay/nonunion fractures, and oral bone regeneration. This is very important in order to obtain a detailed practical and comprehensive approach with maximum beneficial effect because an inappropriate or false approach can be disastrous. For instance, differentiation disorders in MSCs may lead to tumorigenesis or their differentiation into unwanted adult cells (such as the differentiation of MSCs into osteoblasts in cardiac implantation) [Meier et al., 2013] . To overcome these drawbacks, new technologies and a novel observation system that (1) the carrier or nanoparticle is complexed with the target gene; (2) the carrier or nanoparticle is endocytosed to travel through the intracellular pathway; (3) the target gene enters the nucleus; (4) the target gene resides in the nucleus; (5) the RNA polymerase transcript target gene along with the cellular gene; (6) mRNA transcription of the target gene; and (7) mRNA translation into a specific osteogenic protein. controls the growth condition under standardized protocols needs to be developed. In recent years, many efforts have been made and currently many clinical trials are being conducted to regenerate bone tissue using MSCs and other progenitor cells. While experimental and some clinical studies have shown beneficial effects of MSCs on bone healing, the exact mechanisms by which these cells improve bone regeneration remain unclear. Clinical applications of stem cells have been restricted by numerous factors, including: (1) ethical concerns; (2) the immunological rejection of cells from heterologous origins; (3) the limited amount of available stem cells for implantation at the injured site, requiring ex vivo expansion; (4) donor-related differences; (5) cost; (6) feasibility; (7) expertise; (8) aging; (9) translational difficulties; and (10) other factors [Hipp and Atala, 2004] . Moreover, the safety of these procedures has to be evaluated before clinical application. In many clinical and experimental studies different procedures have been used to treat bone injuries. However, to help achieve the most practical approach, some important issues are highlighted in Table 4 .
The healing rate increases in close relation with the implanted MSC concentration [Wu et al., 2007] . Concentrated MSCs can be mixed with a synthetic or natural osteoconductive matrix [Bornes et al., 2014] . As a novel strategy for MSC therapy in fracture healing, combination therapy might be used in the future. In this approach, MSCs can be implanted with a biodegradable scaffold in the fracture site and 1-2 weeks later osteoinductive genes can be injected locally at the site of implantation. Another way to achieve this goal is a reversed procedure. The various MSC delivery approaches are shown in Figure 7 .
Another challenge for bone regenerative medicine at this early stage is the isolation of a specific category of cells from donors with different individual genetic profiles due to patient variability [Nsair and MacLellan, 2011] . Moreover, different biomaterials that have been used for the scaffolding of MSCs raise technical challenges (i.e., the type of material, the special effect on bone, the effect on MSCs) [Gomez-Barrena et al., 2011] . It is important to prepare biodegradable scaffolds with osteoinductive properties; their application can provide a 3D environment for MSCs at the site of the defect in which they promote angiogenesis and can contribute to the healing process [Cao et al., 2014] . Finally, differentiation of the MSCs into preosteogenic cells is not fully supported by the in vivo release of osteogenic factors. Thus, by using the appropriate scaffold in an alternative approach, such problems may be solved. Furthermore, MSCs can be used together with PRP and different growth/healing promotive factors in order to improve their beneficial effects on bone healing. However, it is very difficult to conclude which elements are particularly critical and effective in stem cell therapy for bone healing because of the lack of comparative and randomized clinical studies [Evans et al., 2006] . The implementation of accurate clinical trials may help to further define and spread these therapies as a standardized cost-beneficial procedure for bone regeneration cell therapy, if their safety and efficacy is proven. Currently, due to the lack of published clinical trials, controversies in the results, and variability in the methods, protocols and treatment strategies, it is still too soon to suggest MSC therapy for bone repair. There is still a long way to go in this regard and several issues must be scientifically addressed before it is reasonable to suggest MSCs as a therapeutic option for fracture healing. Fig. 7 . MSC delivery approaches. Systemic delivery of MSCs ( a ), osteoinductive genes ( b ), and gene-modified MSCs ( c ) by injection into the circulatory system. Local delivery of MSCs with or without culture media ( d ), osteoinductive genes ( e ), and genemodified MSCs with or without growth factors ( f ) by direct injection at the fracture site. Local delivery of MSCs ( g ), osteoinductive genes ( h ), and MSCs with osteoinductive genes ( i ) by incorporation in scaffolds, which are implanted at the fracture site. Combination therapy: MSCs are implanted with scaffolds in the fracture site and osteoinductive genes are injected locally at the site of implantation 1-2 weeks later ( j ). By an alternative method, osteoinductive genes with scaffolds can be implanted in the fracture site and MSCs injected locally at the site of implantation 1-2 weeks later ( k ).
